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placenta; hypoxia; intrauterine growth restriction; nutrition; supplementation THE HUMAN PLACENTA IS A TRANSIENT organ that is pivotal for a successful pregnancy and has lifelong influences on the mother and child (18, 25, 33, 43) . Abnormal placental development, placental injury, or both, associate with preterm birth, hypertensive disorders, central nervous system injury, and intrauterine growth restriction (22, 44) . Among all the pregnancies worldwide, ϳ5-10% result in suboptimal outcomes due to placental dysfunction. Such dysfunction derives from etiologic heterogeneity that ranges from maldevelopment of the placenta in the first half of pregnancy to maladaptation of the placenta exposed to stimuli in the maternal environment during the second half of pregnancy. Importantly, the most common pathways to placental dysfunction show a histopathology indicating injury to placental villi, with notable effects on the trophoblast bilayer.
Bathed in maternal blood, the outer layer of placental villi is the syncytiotrophoblast, a unique epithelium and a true syncytium with multiple nuclei in a common cytoplasm (32) . This structure is pivotal to the function of syncytiotrophoblast, which mediates the bulk of maternal-to-fetal exchange of gases, nutrients, and wastes. The layer also directionally secretes pregnancy-specific hormones, provides selective transport functions, and conducts metabolic activities important to the protection of the fetus from oxidative stress and toxic agents in the maternal blood. Underlying cytotrophoblasts can fuse with the syncytiotrophoblast, allowing its growth and repair during pregnancy (32) . Placental dysfunction, irrespective of pregnancy malady, associates with nitrative and oxidative stress and generation of reactive oxygen species (6) . The combined effects of these stimuli yield suboptimal function of villous trophoblasts through both molecular and morphological mechanisms. A therapeutic intervention with a low-risk profile, high availability to populations around the world, and the potential to positively modulate villous development and responses to stimuli would be an advance in translational medicine.
Pomegranate is ingested around the world and is attributed health benefits. In addition to its antioxidants, pomegranate juice contains molecules that enhance the release of nitric oxide (29) . The effects of pomegranate on nitric oxide may be advantageous in pregnancy, as suggested by a recent randomized trial that showed improved pregnancy outcomes in women supplemented with L-arginine, likely because of its effects on nitric oxide production (45) . Burgeoning data in nonpregnant populations, animal models, and in vitro studies show pomegranate juice has beneficial effects on cardiovascular function, especially on endothelial cells (16, 20) . Notably, pomegranate juice is neuroprotective of oxidative stress and central nervous system injury in the perinatal period of mouse and rat with maternal ingestion during pregnancy (26, 47) . Because it is bathed in maternal blood, the placental syncytiotrophoblast is positioned to respond to the antioxidants, nitric oxide-modulating agents, and other compounds in pomegranate juice. However, the effects of pomegranate juice on human pregnancy are unstudied, despite use of pomegranate by pregnant women for centuries. We herein test the hypothesis that pomegranate juice reduces oxidative stress in human placentas in vivo and stimulus-induced injury to human trophoblasts in explants and primary cultures in vitro.
MATERIALS AND METHODS
Patients. This study was approved by the Institutional Review Board of Washington University School of Medicine in St. Louis, MO. Twenty pregnant women with singleton pregnancies and no evidence of pregnancy complications were randomized at 35ϳ38 wk gestation to a treatment or placebo group. Patients were instructed to drink 8 oz of pomegranate juice (POM Wonderful, Los Angeles, CA) or apple juice (Tree Top Apple Juice; Tree, Selah, WA), which is known to have low levels of polyphenols, daily until delivery. Each participant was asked to keep a dietary diary to document compliance. Only 12 placenta (pomegranate group, n ϭ 4; control group, n ϭ 8) samples were obtained, due to the timing of the delivery, from the participant within 30 min of delivery. Avoiding areas with visible infarcts or calcifications, samples were taken midway between the chorionic and basal plates of all lobules of each placenta except at the periphery and rinsed in 4°C PBS. Samples were then either snapfrozen in liquid nitrogen for protein analysis or fixed in 4% formalin for 24 h and embedded in paraffin for immunohistochemical staining.
For in vitro experiments, villous explants were obtained from four patients who were not enrolled in the in vivo study, with normal singleton pregnancies at 39 wk gestation without labor after a scheduled repeat C-section. The explants were cultured at 37°C under 20% or Ͻ1% oxygen with 5% CO2 in DMEM, as described previously (11), for 5 days followed by 2 days culture in phenol red-free DMEM with pomegranate juice (1%, vol/vol) or glucose (7.5 mM; Sigma), which is equivalent to the glucose content of pomegranate juice (38) . At day 7, explants were cultured an additional 24 h under 20% oxygen or Ͻ1% oxygen or for 4 h in 20% oxygen in the presence or absence of the hypoxia mimetic cobalt chloride (200 nM; Sigma) or the protein kinase inhibitor staurosporine (0.5 M; Tocris, Ellisville, MO).
Immunohistochemistry and immunofluorescence. Five-micrometer sections were stained for heat shock protein (Hsp) 90 (Cell Signaling Technology, Danvers, MA), E-cadherin, caspase-cleaved cytokeratin 18 intermediate filaments (cl-Cyt 18), and DNA, as described (24) .
For the data in Figs. 1C and 2, 12 randomly captured images were quantified by three examiners blinded to conditions who each assigned scores of 1 (worst) to 5 (best) for the integrity of the trophoblast layer and the overall morphology of villi based on the intensity of staining of E-cadherin, which identifies the apical and basal plasma membranes of syncytiotrophoblast and the plasma membrane of cytotrophoblasts. For quantification of Hsp 90, Z-stack images were collapsed into mean signal intensity and quantified using ImageJ software. For cl-Cyt 18 quantification, two blinded examiners evaluated slides and recorded the average number of sites with cl-Cyt 18 per each field of view (212 ϫ 212 m).
Isolation and culture of primary human trophoblasts. Primary trophoblasts were isolated from term human placental tissue that is not enrolled in the in vivo study. The trophoblasts were cultured, and the percentage of nuclei fused into syncytia (typically Ͼ80%) after 52 h was examined using E-cadherin staining as previously described (11) . Except for the cultures used in Figs. 3B , 5B, and 5E, cultures were continued at 28 h in culture in phenol red-free DMEM with 10% charcoal-stripped FBS, with medium supplemented with glucose (7.5 mM), pomegranate juice (1% vol/vol), ellagic acid (40 M; Sigma), or punicalagin (33.8 M; Chengdu Purity Phytochemicals) at 37°C in 20% oxygen for another 24 h. The doses selected for ellagic acid and punicalagin were equivalent to the amount contained in the pomegranate juice (1% vol/vol) that we added to the cell culture (38) . There was no significant change in the rate of trophoblasts fusion after pomegranate juice treatment compared with control (data not show). The cells were then exposed to cobalt chloride (200 nM), staurosporine (0.5 M), or Ͻ1% oxygen with or without pomegranate juice, ellagic acid, or punicalagin for the listed time in the Figs. 1-7 and the corresponding legends.
Western blotting. Placental tissue was homogenized, primary human trophoblasts were lysed in radioimmunoprecipitation buffer (1% Nonidet P-40, 0.5% deoxycholate, and 0.1% SDS in PBS), and Western blotting was done using antibodies against cl-Cyt 18, cleaved poly(ADP)-ribose (cl-Parp), Hsp 90, or actin, followed by horseradish peroxidase and chemiluminescent detection, as described (11, 12) . Protein levels were determined by densitometry of bands on films after normalization to actin levels.
Lactate dehydrogenase assay. Levels of lactate dehydrogenase (LDH) released from cells into the culture medium were assessed using a cytotoxicity detection kit (Roche, Indianapolis, IN) according to the manufacturer's instructions, and data are shown as a percentage of the maximum LDH obtained by complete cell lysis.
Statistical analysis. All the experiments were conducted using at least three different placentas from which multiple explants were cultured in each paradigm, or primary cell isolates, from at least three different placentas. Student's t-test, one-way ANOVA, two-way ANOVA with Bonferroni post hoc test, or the Mann-Whitney rank test were performed as listed in the legends for Figs. 1-7, using KaleidaGraph software, version 4.1.0 for Macintosh. A P Ͻ 0.05 was significant. Data are presented as means Ϯ SD.
RESULTS
Twenty pregnant women were randomized to receive pomegranate (n ϭ 10) or apple juice (n ϭ 10). Twelve placentas were analyzed with eight women in the apple juice group and four women in the pomegranate group (Table 1) . There was no significant difference in the timing of commencement or length of juice exposure. The women in the apple juice group had shorter time in labor (7.4 Ϯ 5.5 h) compared with the women in the pomegranate juice (14.2 Ϯ 3.8 h, P ϭ 0.02). There were no adverse infant outcomes with no medical concerns in the neonatal period for any of the infants.
We tested the hypothesis that pomegranate juice reduces labor-induced oxidative stress in term human placenta in vivo. Hsp 90, a marker of oxidative stress, was significantly lower in the placentas of women who received pomegranate juice compared with women who received apple juice (Fig. 1A) . Immunohistochemical staining showed that the expression of Hsp 90 was most marked in the villous trophoblast bilayer compared with the villous core, and the overall expression of Hsp 90 was significantly lower in placental villi from women who received pomegranate juice compared with control ( Fig. 1, A and B). We next exposed villous explants from placentas of uncomplicated term pregnancies to Ͻ1% oxygen to model a common clinical malady of placental underperfusion with hypoxia in pregnancy. We found that Hsp 90 expression was lower in villi exposed to pomegranate juice compared with the glucose control (Fig. 1C) .
We hypothesized that pomegranate juice decreased apoptosis induced by low oxygen exposure of villous explants because hypoxia and oxidative stress enhance apoptosis in trophoblasts (11) . Explants cultured in low oxygen tension exposed to pomegranate juice exhibited a more robust morphology compared with control villi cultured in hypoxic conditions, as reflected by Ecadherin immunostaining showing a more intact trophoblast bilayer ( Fig. 2A) . Importantly, villous explants exposed to pomegranate juice showed lower expression of the cytoplasmic marker of apoptosis cl-Cyt 18, a caspase-cleaved form of an intermediate filament protein (Fig. 2A) .
Cobalt chloride is a hypoxia mimetic that induces apoptosis in many cell types, including placental trophoblasts (42, 50) , largely by stabilizing hypoxia-inducible factor-1␣ (46), and staurosporine is a kinase inhibitor that also induces apoptosis in Fig. 1 . Pomegranate juice reduces labor-induced oxidative stress in term human placenta in vivo and in placental explants. A: left, lysates from placentas delivered following labor by women administered pomegranate juice (n ϭ 4) or apple juice (n ϭ 8), as control, were immunoblotted with heat shock protein (Hsp) 90 antibody. Right, a summary graph of densitometry of the Western blot shown on the left. Student's t-test, *P Ͻ 0.05. B: representative images of immunohistochemistry for Hsp 90 of placentas from women administered pomegranate juice or placebo. C: immunofluorescence staining of Hsp 90 and E-cadherin, for trophoblast surface membranes, in placental explants from patients that were not enrolled in the in vivo study, exposed to pomegranate juice or glucose, as control, in hypoxia (Ͻ1% O2). Images in the middle show the enlarged area outlined in the row on top. Cytotrophoblasts (Cyto) or syncytiotrophoblasts (Sync) were distinguished by E-cadherin staining (green). Hsp 90 and DNA were shown in red or blue separately. The Hsp 90 signal quantification, shown on the right, was presented as mean signal per pixel (n ϭ 12, Student's t-test, *P Ͻ 0.05).
many cell types (36, 49) , including placental trophoblasts (11, 12) . Remarkably, in villous explants, pomegranate juice improved the morphology of the syncytiotrophoblast and decreased the level of apoptosis induced by both cobalt chloride and staurosporine (Fig. 2, B and C) . Collectively, these results indicate that villous explants cultured in pomegranate juice show decreased oxidative stress and reduced levels of cell death induced by each of three potent inducers of apoptosis. Using a primary human trophoblast system, illustrated in Fig. 3A , we confirmed that culture of syncytiotrophoblasts in Ͻ1% oxygen compared with standard culture conditions of 20% oxygen yielded a time-dependent increase in apoptosis, as reflected by increased levels of caspase-specific cleavage products of poly(ADP)-ribose polymerase (cl-Parp), a marker of apoptosis in the nucleus, and of cl-Cyt 18, a marker of apoptosis in the cytoplasm (Fig. 3B) . Compared with cultures with added glucose, cultures with pomegranate juice exhibited significantly lower hypoxia-induced apoptosis, as measured by levels of both cl-Parp and cl-Cyt 18 (P Ͻ 0.05, Fig. 4, A and  B) . Finally, medium levels of LDH, an indicator of global cell death, were significantly reduced by pomegranate juice compared with glucose (P Ͻ 0.05, Fig. 4C ). Collectively, these results indicate that pomegranate juice diminishes hypoxiainduced death of primary cultures of syncytiotrophoblasts.
Cultured syncytiotrophoblasts exposed to the hypoxia mimetic cobalt chloride diagramed in Fig. 5A also showed increased levels of apoptosis in a time-dependent manner (Fig.  5B) . Compared with control, pomegranate juice significantly reduced the levels of cl-Parp and cl-Cyt 18 (P Ͻ 0.05, Fig. 5C ) and LDH in the culture medium (P Ͻ 0.05, Fig. 5D ). We had examined cultures by phase microscopy during exposure to staurosporine and found that, after 24 h exposure, many cells were detached from the culture surface (data not shown). We thus targeted our analysis to syncytiotrophoblasts exposed to vehicle control or staurosporine for 4 h. Consistent with our previous results (11), staurosporine significantly induced apoptosis in a time-dependent manner, as measured by the increased levels of cl-Parp and cl-Cyt 18 (Fig. 5E) . Remarkably, pomegranate juice attenuated staurosporine-induced cell death, as shown by reduced expression of cl-Parp, cl-Cyt 18, and of LDH in the medium (Fig. 5, F and G) . Collectively, these results indicate that pomegranate juice has anti-apoptotic effects and limits injury from very potent chemical inducers of cell death.
Two prevalent polyphenols in pomegranate juice are ellagic acid and punicalagin (38) . We tested the hypothesis that these agents were involved in the protection of syncytiotrophoblast apoptosis by pomegranate juice. As diagramed in Fig. 6A , pomegranate juice decreased spontaneous apoptosis in syncytiotrophoblasts cultured in standard conditions compared with control ( Fig. 6B ) and under conditions of stress induced by hypoxia, cobalt chloride, or staurosporine (Fig. 6, C-E) . Interestingly, ellagic acid showed increased apoptosis in the cultured syncytiotrophoblasts compared with control (Fig. 6B) , indicating that this polyphenol was not protective. In contrast, punicalagin significantly decreased trophoblast death, as shown by reduced levels of cl-Parp (Fig. 7B ) and medium LDH (Fig. 7C) . We verified that both pomegranate juice and punicalagin had antioxidant effects, reflected by reduced Hsp 90 levels under conditions of hypoxia (Fig. 7B) . In all cases where punicalagin and pomegranate treatment of primary cultures were directly compared (Fig. 7, B and C) , punicalagin was equally effective at reducing cell death or oxidative stress. Moreover, punicalagin reduced death of syncytiotrophoblasts exposed to cobalt chloride or staurosporine, as shown by reduced levels of cl-Parp (Fig. 7, D and F) and medium LDH (Fig. 7 , E and G) compared with control.
DISCUSSION
The data show that pomegranate juice reduces oxidative stress in human placental villi in vivo and in villous explants and primary trophoblast cultures in vitro. Pomegranate juice limits both apoptotic and global cell death in cultures of syncytiotrophoblasts exposed to harsh insults. The polyphenol punicalagin mimics the ability of pomegranate to protect villous trophoblast from oxidative and chemical stress. We speculate that antenatal ingestion of pomegranate juice by mothers may limit placental injury in susceptible pregnancies, while realizing the preliminary nature of our in vivo data.
Biological oxidative stress is defined by an imbalance between antioxidants and free radicals, and this phenomenon associates with pregnancy maladies (6, 7). Labor is an in vivo model of oxidative stress for the human placenta (14, 19) . The human placenta in the third trimester is perfused by modified uterine spiral arterioles that carry oxygenated maternal blood to the intervillous space where exchange of gases and nutrients occurs over the trophoblast layer of villi. Transient contractions of the myometrium during human labor compress the myometrial blood vessels and yield intermittent reductions of maternal uteroplacental blood flow into the chorioallantoic placenta (5). This creates intermittent hypoxia and reoxygenation due to decreased then increased blood flow over the placental villi, resulting in oxidative stress of the trophoblasts (14) . Using Hsp 90 as a marker of oxidative stress, as previously documented in placental villi (14), we exploited this human model to test our hypothesis that pomegranate juice can protect trophoblasts from oxidative stress. We initially randomized equal numbers of patients to either apple or pomegranate juice, but unscheduled timing of deliveries in this otherwise low-risk population allowed us to sample only 12 of the 20 total placentas originally randomized for the study. Levels of pomegranate polyphenols in maternal blood and cord blood were measured and were increased in both maternal and cord blood of subjects who took pomegranate juice (data not shown). Importantly, we found significant differences in oxidative stress in the placentas of women consuming pomegranate compared with apple juice, encouraging us to proceed with in vitro studies. Although we had small numbers of placenta (n ϭ 4) from the pomegranate-exposed mothers, these mothers also experienced longer labors ( Table 1 ) that would usually increase oxidative stress or markers. Our limited sample size in vivo led to expansion of the hypotheses and in vitro testing. Moreover, a pilot randomized study of pomegranate juice in 40 pregnancies complicated by intrauterine growth restriction is in progress, and these placentas will yield a larger number of in vivo samples to further evaluate the impact of pomegranate juice. The clinical significance of this intervention on mothers and infants remains to be fully evaluated.
Oxidative stress triggers inflammation, endothelial dysfunction, and a reduction in nitric oxide with an increased produc- tion of peroxynitrite, a highly reactive free radical (4) . The realization that placental maladaptation and increased oxidative stress contributes to the pathophysiology of preeclampsia stimulated enthusiasm for prenatal ingestion of pharmacologic dosages of vitamins C and E, as antioxidants to limit oxidative stress in pregnancies at risk. Although small clinical trials suggested benefits (10), larger trials showed no benefit from these vitamins (15, 28, 31, 34, 35) and a debated small risk for harm (48) . We speculate that the scavenging of ROS by high doses of vitamins C and E is too extensive and prevents the low levels of intracellular ROS that are important as mediators of key signaling pathways (6) . Notably, signaling by ROS is important in the formation of placental syncytiotrophoblast (2, 27) . One reactive oxygen molecule is nitric oxide, and pomegranate juice enhances the release of nitric oxide from endothelium in nonpregnant sources (37) . Increased nitric oxide production may be beneficial to pregnancy, since a recent randomized trial showed improved pregnancy outcomes in pregnant women supplemented with L-arginine to enhance nitric oxide production (45) . Further studies are needed to determine if pomegranate juice treatment of human trophoblast also enhances nitric oxide levels and if this is important in the ability of pomegranate juice to protect trophoblasts from injury.
Pomegranate juice limited trophoblast demise from exogenous stress induced by rather potent insults, including low oxygen tension, the hypoxia mimetic cobalt chloride, and the protein kinase inhibitor staurosporine. Pomegranate juice contains high levels of polyphenols, including anthocyanins and ellagitannins (29) , with Ͼ90% of the antioxidant activity from the latter. The major ellagitannin is punicalagin. Ellagitannins do not appear to be absorbed directly (9) but are first hydrolyzed to ellagic acid, which can circulate in the blood for several hours. Further metabolism of ellagic acid, in part by gut bacteria, results in demethyellagic acid glucuronide, urolithin derivatives, and other metabolites that can be found in the circulation for up to 48 h after ingestion (38) . These metabolites in vivo likely provide some of the biological effects reported for pomegranate juice consumption (48) . Our finding that punicalagin, at a concentration equivalent to the concentration reported for this polyphenol in 8 oz of pomegranate juice (41) , mimics the protection of trophoblasts afforded by pomegranate supports the concept that the components in the juice likely work together to protect cells. The punicalagin is converted to ellagic acid by some cells (39), yet we found no protective effect from the latter polyphenol. Importantly, we instead found that ellagic acid added in pure form to medium resulted in more, not less, trophoblast cell death. Nutrient supplementation trials evaluating cardiovascular effects of vegetables and fruits relate the benefits observed to the combination of photochemical, fiber, and other nutrients in whole foods, instead of selected individual components (17, 21, 30, 40) . In our in vitro systems, like others (1, 8, 13, 23) , we directly applied pomegranate juice, punicalagin, or ellagic acid to the cell culture. We clearly recognize that compounds present in pomegranate juice are unlikely metabolized in vitro the same way as they are in vivo. What remains to be determined is if native punicalagin in pomegranate juice activates signaling pathways that protect trophoblast or if it is converted to compounds that work together with other chemicals in pomegranate for the protective effect.
Safety concerns accompany the introduction of any therapeutic maneuver, especially in pregnancy. There are no controlled studies on the safety of pomegranate juice in pregnancy, but pomegranate polyphenol extracts up to 1,400 mg have been described as safe in nonpregnant human studies (3). Importantly, there are no reported serious adverse effects from ingestion of pomegranate, and data have accumulated suggest- Fig. 7 . The effect of punicalagin on the syncytiotrophoblasts exposed to hypoxia, cobalt chloride, or staurosporine. A: diagram of pomegranate juice or punicalagin exposure for the primary human trophoblasts under hypoxia or exposed to CoCl2 or staurosporine. The trophoblasts were pretreated with pomegranate juice (1%, vol/vol), punicalagin (33.8 M), or glucose (7.5 mM) for 24 h before exposure to hypoxia, or CoCl2 ing benefits in prevention of cancer and arteriosclerosis from agents present in pomegranate. The literature describing cardiovascular benefits of pomegranate juice in humans and murine models was recently reviewed, and the limited studies available indicate that this product has antioxidant, antiatherogenic, anti-inflammatory, and antihypertensive effects (3) .
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In summary, we found that pomegranate juice, and specifically its most abundant polyphenol punicalagin, reduce oxidative stress in vivo and in vitro and attenuate spontaneous and induced apoptosis in villous explants and cultured human trophoblasts. We speculate that maternal dietary supplementation with pomegranate juice during pregnancy has the potential to decrease the oxidative stress and stimulus-induced apoptosis of placental trophoblasts and may decrease the occurrence of placental dysfunction and thereby the maladies caused in pregnancy.
